The present work focuses on studying the flickering of a candle placed in a hollow cylindrical glass tube. Variations in flame area and intensity have been studied as the oscillating parameters of the flame with a camera and a Photomultiplier tube (PMT), and results have been found to be indicative of the presence of some well defined peaks in the amplitude spectrum of the flame intensity. Tests have been carried out with a range of candle diameters for the same glass tube giving similar results. Fluctuations in fractal dimension of the flame structure have also been studied in the course of the work. The time series data generated by processing camera images and also the PMT voltage output has been studied for existence of periodicity in the signal recorded. The correlation dimension has been determined for a number of experiments to characterize the dynamics of the signal.
INTRODUCTION
Flickering is observable to the naked eye for most types of flames. However, while this observable part is mainly an oscillatory nature of the luminous intensity and to some extent the geometric size of the flame as given by an oscillatory spatial shifting of the flame front, other parameters of the flame such as the pressure [1] and flame structure [2] have also been reported to show similar flickering. Mechanism of generation of oscillatory patterns in flames has been described in great detail by Wilson and Chapell [3] and by Kheskin [4] . Due to its close correlation with combustion efficiency and pollutant emissions [4, 5] the frequency of flame oscillation has been widely proposed and accepted as a parameter for evaluating the degree of instability in a particular flame [3, 6, 7] .
Flickering in flames have been observed and studied extensively in a large number of experiments reported in the existing literature, both recently and in the past. The flames studied in such experiments range from industrial furnaces [6] to Bunsen burners [7] used in the laboratory, and almost exhaustively cover the nature of flicker observed in such flames for a wide range of conditions. A brief survey of the available literature reveals how most researchers have attempted to correlate the frequency of flame flicker with other relevant parameters for the flame type under study. Some researchers have also attempted to establish the parameters that control the oscillatory nature of a flame. However, most experimental studies regarding flame flicker have been done primarily using a particular type of burner and fuel, and the obvious parameters for controlling the flickering in such case have been the flow rate of fuels and air, for both premixed and non-premixed diffusion flames as well as triple flames. In general, for a given burner and fuel type, oscillation has been noted to begin at a particular flow rate, although Maxworthy [8] has clearly established this 'setting in point' of oscillatory nature to be a small range of flow rates. This phenomenon has mostly been associated with the heated jet flow or plume generated by the flame and the subsequent formation of large vortices which cause a visible fluctuation in the flame height [9, 10] . Katta et al. [11] have presented an important summary paper on the numerical computation of axisymmetric diffusion flames that exhibit oscillatory trends of interest in this study.
However, a study involving such oscillatory response in a wick flame has not been reported till date. It should be noted here that one of the main parameters of controlling flickering in flames, i.e. the fuel flow rate in a burner implies that a certain amount of axial momentum is imparted to the fuel before combustion. An investigation of the impact of the same in flame oscillation would require that somehow the axial momentum be controlled without hampering the fuel flow rate. Maxworthy [8] has attempted to do away with such axial component of momentum in the fuel by an innovative burner design where the outflow of fuel is radial, and has suggested that in this case the axial momentum could only be produced by effects of buoyancy in the products of combustion and the ambient air in the immediate vicinity, which is undoubtedly true for any wick flame. A major difference between burner flames and candle flame is that in case of a candle flame, the rate of fuel supply is controlled by the rate of evaporation of the molten wax, which depends on the rate of heat supply. Since the major source of heat supply is the flame, fluctuations in fuel flow rate are coupled with the fluctuations in heat release rate, producing a feedback loop. Thus, there is no direct control over the fuel supply rate in a wick flame, as against a burner flame. This has provided a major motivation to investigate the dynamics of a candle flame. This study investigates oscillations in such a flame, followed by a non-linear dynamic analysis of the same, leaving scope for further investigation of the origin of such oscillatory patterns in a wick flame. These analysis tools have not been used in study of flame dynamics very widely. A further motivation of this study is to explore the suitability of these tools for characterizing flame dynamics and correlating them with more conventional analysis tools using this relatively simple configuration before extending the method to more complicated practical combustors. It should be noted at this point that in case of such flames, a major controlling parameter is the wick geometry and alignment. The effect of variations in the same on the behavior of the flame would present an interesting observation, which also remains to be investigated. However, in this study, efforts were made to use the same type of wick and candle for all observations noted, which can be justifiably said to have been validated by high levels of consistency in the observations, while other flame conditions have been varied as presented in the later sections.
EXPERIMENTAL SETUP
In this experiment, the oscillatory response of a candle flame has been studied. Candles of different diameters have been studied in two distinct conditions, the first being an open flame condition where the flame is open to the ambient. Care was taken to ensure that there were no other perturbations in the room so that oscillations in the candle flame were generated primarily due to the dynamics of the flame itself, and not due to any external interference. The second one included a hollow glass tube of 45 mm inner diameter and 31 cm length in which candles of two different diameters were placed. This was done keeping in mind the generation of a high speed coaxial flow surrounding the flame, which would imply a higher axial momentum imparted to the fuel thereby essentially giving variation in rate of fuel transport. The variation in candle diameter creates a difference in the inlet area for air for such coaxial flow in the glass tube.
The objective in this experiment was to record the oscillations in the various measurable parameters of a flame. For this particular study the parameters observed were flame intensity, the area of the flame (in square pixels) as mapped in the image of the flame acquired using a camera, and the box-counting dimension, which is a measure of the fractal dimension of the flame.
A Prosilica CMOS digital camera has been used to acquire image sequences of size 100 × 350 pixels to generate the data necessary to study the same. The experimental setup ( fig. 1 ) comprises the flame placed in a dark room. The flame is sampled by the Prosilica digital camera at a high frame acquisition rate (315 frames per second). A neutral density filter (ND filter) of optical density 1.0 is placed in front of the camera lens to ensure that the flame intensity does not saturate the camera sensors at any instant or any pixel. This is essential to ensure that variation of intensity within the flame can be successfully sampled. The image acquired from the camera is used to determine both the flame area and a fractal dimension of the flame, as discussed in the next section. The image is also simultaneously used to determine the intensity of the flame by summing over the intensity of each pixel in grayscale. The flame is also simultaneously sampled by a PMT which records the flame intensity in terms of a voltage signal, sampled at 375 Hz. The PMT is interfaced with a computer terminal using a data acquisition system (National Instruments 9215 CRIO). National Instruments LabView ® is used to record the data acquired from the PMT. The candle flame has been placed at different locations within the hollow glass cylinder. It has been observed that maximum fluctuations occur when the flame is approximately l/4 th length of the cylinder above the bottom. Results discussed in this study have all been recorded in this condition for different candle diameters except for the open flame condition where the candle is not placed in any enclosure.
IMAGE AND DATA PROCESSING
The images acquired from the camera have been processed using a MATLAB ® code to study the nature of oscillation in the various parameters under study. The image processing methods used have been discussed briefly later in this section. The time series data generated from image processing, and the time series voltage data recorded by the PMT are then processed to generate the amplitude spectrum for the various oscillating parameters. A correlation dimension for each time series data has also been generated to study the degree of non-linearity in the series.
Noise elimination in the image
The image acquired from the digital camera, when subjected to frequency analysis for the parameter I s , resulted in peaks at certain frequencies which clearly do not match the reported characteristic of diffusion flames ( fig. 2 ). An investigation of the camera images revealed that a certain apparently random intensity distribution was being mapped outside the flame area ( fig. 3-a) . Such a random intensity distribution in the image was found to be mapped over the entire image when images were acquired with the lens cap closed, and therefore may be attributed to electronic noise. The usual technique of subtracting a single background image to filter out the noise is not possible in this case as the noted distribution of intensity has been observed to be time varying. Frequency peaks due to image noise.
However, it was observed that the intensity mapped in these pixels were all below a certain threshold value which was much lower than the intensity mapped in pixels that lay within the flame region. The images were therefore processed so as to render all pixels mapped with an intensity value less than that threshold as absolutely dark, i.e. 0 (fig 3-b) . This was efficient in significantly reducing the peaks at frequencies noted earlier in this paragraph and thus may be considered satisfactory. An investigation of the surface plot of the intensity map within the flame area of the image reveals a perfectly smooth surface as opposed to the region outside the flame area where the surface is highly irregular. Thus, it may reasonably be assumed that the signal to noise ratio being higher in this region, the influence of noise can be neglected for these pixels.
Determination of flame area
The flame area, for the sake of studying oscillations in the same, has been determined in terms of square pixels. Each image of the flame has been first processed as described by step (3.1) above. Then the boundary of the flame has been detected in the image using an edge detection method. The number of pixels that lie within this boundary has then been counted to give a measure of the projected area of the flame in the vertical plane in square pixels. It may be noted here that although this is not a measure of the total surface area of the flame which may be suggested as a measure of the reaction rate, analysis of the area projected in the vertical plane is a good approximation for studying the fluctuations in the total surface area of the flame in terms of its frequency of oscillation as both the noted areas would understandably have a similar time period in exhibiting oscillatory behavior.
Determination of flame intensity from images
Each grayscale image of the flame comprises a number of pixels, each recording a measure of the intensity of the flame at the corresponding location. Each image in a sequence records a distribution of the variable I(x, y) which represents the radiation intensity of the flame mapped onto the pixel (x, y). Thus, a sum of the grayscale intensity values recorded at any instant is clearly a measure of the intensity of the flame at that instant. Defining I s as (1) This summation carried over the whole image of the flame at a particular instant, after suitable noise elimination, gives a time series data of the flame radiation intensity. The validity of the same has been examined and found satisfactory when the time series data so obtained is compared with the PMT voltage data for the same interval, as noted later in this article.
Determination of fractal dimension of flame structure from images
Minkowski-Bouligand dimension [12] , also known as Minkowski dimension or Box Counting dimension is a measure of the fractal dimension of an object. The processed image of flame acquired at each instant was processed to acquire a time series data for the fractal dimension of of the flame structure. The estimation of box counting dimension is sensitive to the range of box lengths used primarily due to the limited resolution of the flame images. Nevertheless, it yields a useful first approximation to the fractal dimension of the flame structure. While the limited resolution of the digitized images may result in an underestimation of counts for smaller boxes resulting in a convex log-log plot in the course of computation of the box counting dimension, this can be avoided by the image correction procedures proposed by Taylor and Taylor [13] . In the present experiment, however, the log-log plot has been observed to be a fairly straight line and a straight line curve fit has shown very little scatter. Thus, it can concluded that such filtering methods are not necessary for the sake of processing the present images.
A brief description of the method for determination of box counting dimension has been included in this section. A detailed description can be found in [14] [15] [16] . The contour of the image of the flame mapped in each image is identified through a suitable edge detection method. Boxes (squares) of side A pixels are made to cover the entire space mapped within each image. The number of boxes N required to cover the entire geometric object (in this case the flame) is recorded. The number of boxes is then increased, i.e. each box reduced in size and the process is repeated. It is to be noted that
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the minimum size of A in this particular operation is 1 given that the images acquired here are all digital images where length scales are measurable only in terms of the discrete spatial parameter, number of pixels. The number of boxes (N) is related to the box counting dimension D b as (2) i.e.,
As A tends to zero, the last term in eq.(3) becomes negligible. Thus,
Thus, each image gives a value of D b , and a time series data of the fractal dimension of the flame can be obtained from a sequence of images.
Estimation of flicker frequency
As noted by Huang et al. [17] , the flame flicker should reflect the contributions of all components over the entire frequency spectrum. The term F as defined in [17] , given by eq.(5) below has been therefore incorporated, which would serve as a quantification of the flickering in the flame.
(5)
This is necessary as some flame types typically show multiple dominant frequencies and extends over a wide range of higher frequencies, while others have one or two such dominant frequencies [18] .
Determination of correlation dimension
One difficulty of constructing phase plots for systems with high dimension is the requirement of different types of sensors for recording the time series data of different variables. A strategy commonly adopted in dynamic analysis to overcome this difficulty involves use of Takens Embedding Theorem [19] . The basic premise of this theorem is that the dynamics of a multidimensional system can be reconstructed from the time series data of a single variable. For determination of correlation dimension using time series data of radiation intensity and flame area, the following procedure is adopted. First, the delay time is evaluated. The delay time has been identified as the time when the autocorrelation function first crosses zero [20] . The autocorrelation function adopted is as noted in [21] . After the determination of the delay time, the embedding dimension is determined. The procedure is adopted for determination of the embedding dimension following the algorithm of Grassberger and Proccacia [22] . The correlation dimension is equal to 1 for periodic orbits, and takes on fractional values for strange attractors. The procedure in detail has been presented in Datta et al. [23] 
RESULTS AND DISCUSSIONS
The results generated in this study are difficult to present given the vast number of data gathered and the even higher number of possible representations for the same. For brevity, data has been presented for typical cases of each flame type, i.e. an open flame and two particular examples of the flame generated from the candle being placed in a hollow glass tube, one being for a thick candle (diameter 22 mm), another for a relatively thinner one (diameter 17 mm). The separate subsections hereinafter deal with the various flicker parameters and their dynamic behavior for these cases. The main reason for choosing these particular cases for studying the oscillations have been explained in the course of the discussions included later in this section.
Oscillations in radiation intensity
The time domain signal for radiation intensity has been acquired from two different sources, as noted earlier. The PMT voltage recorded is the first measure of the same, as represented in fig. 4a for a particular experiment with the thin candle in the hollow glass tube. The parameter I s obtained from processing the images of the flame acquired in sequence, as described in Section 3.3 also gives an estimate of the time domain signal for radiation intensity as recorded by the camera, and has been presented in fig. 4b for the same duration of the experiment noted above. Each sequence lasts around 19-20 seconds. A comparative observation of fig. 4a and 4b is clearly indicative of similarity in the signals. This is matched by a nearly identical amplitude spectrum generated from the time series data acquired from each of these sources, as presented in fig. 5a and fig 5b  for case and its harmonics are observed to be fairly constant with time. The spectrogram has been obtained by sliding a window having a temporal width of ~0.7 seconds over the time series data obtained from the image sequences after processing, and therefore gives a fairly accurate idea of the time dependence of the oscillating frequencies of the radiation intensity. Since similar results are obtained from both the PMT and the camera, subsequent results have been presented only in terms of the data acquired after processing of the camera images. Figure 6a represents the amplitude spectrum for I s for a flame open to the ambient, while fig. 6b is a spectrogram representing the same with an identical sliding window width. It can be observed that the fundamental frequency and all the harmonics are seen to shift slightly to the left. Figure 7a -b is an identical representation for a thick candle in the glass tube. The fundamental frequency peak and its harmonics in this case are seen to shift slightly to the right when compared to the thin candle in the hollow glass tube. 1 Average values of flicker frequency (F) computed using eq. (5) from the image sequences and PMT voltage have been tabulated below (Table. 1 ). It should however be noted here that the frequency band over which the weighted mean is taken has been truncated suitably in each case to eliminate the impact of white noise in the flicker frequency while including all oscillation peaks which are characteristic of the flame. 2 The truncation window used for each case is however identical, thereby making the results comparably.
It can be clearly observed here that as the annular flow area for the air entry path into the glass tube is gradually reduced from the limit of an open flame to a thick candle obstructing a majority of the entry path, the flicker frequency increases slightly. The frequency peak from the amplitude spectra presented in fig. (5a-7a) also show similar trends, as is clearly observable in the fundamental frequency peaks. Another significant observation from the amplitude spectra is that the amplitudes at the peak frequency and its harmonics are significantly reduced for the thick candle. A possible explanation of this phenomenon is as follows. The buoyancy generated by the flame entrains air vertically upward, the mass of air entrained being primarily determined by the strength of the buoyant source (flame). A thick candle reduces the air flow passage leading to a higher air velocity. The higher coflow velocity tends to damp out the oscillations. Significant weakening of gravity-induced oscillations due to increased coflow has also been observed in coflow burners by Azzoni et al. [24] . They also observed that the frequency of oscillation was relatively insensitive to the strength of coflow. This observation further suggests that the flame dynamics observed herein is gravity-induced rather than acoustic. However, further investigation of the changing flow pattern of the buoyant air stream surrounding the flame and its impact on the flame are required.
Oscillations in flame area
The time series data for flame area has been generated by processing the image sequences, as described in section 3.2. The amplitude spectrum of normalized flame area has been presented below to represent the oscillatory behavior in this flicker parameter ( fig. 8 ) for the thin candle under study. It is interesting to note that the frequency peaks obtained from the flame area and flame intensity are nearly identical, as observable when fig. 9 is compared with fig. 6a . Similar observations have been made for all the flame conditions under study. This illustrates that the fluctuations in flame intensity is caused by fluctuations in flame area, which is expected given that an increase in flame area can be understandably inferred as an increase in reaction rate which would necessarily give an increase in intensity of flame.
Fractal dimension of the flame
The fractal dimension of the flame area has been determined using the box counting algorithm [13] [14] [15] , given by Eqn. 10 ). It has been observed that the oscillation peaks are identical with flame area and intensity for this particular set of images. It should be noted that other conditions have also given identical results. 
Correlation dimension of radiation intensity
The time series data of radiation intensity has been used to determine the correlation dimension. One example for the flame of each thick and open candle has been presented here. Figures 11 and 12 glass tube respectively. It is clear from fig. 11 that for the case of open candle, the correlation dimension saturates at the value of 1.1, which is indicative of a high degree of periodicity in the temporal signal for this case. This is also evident from the amplitude spectrum ( fig. 6a ) and time series data ( fig. 13 ) of the same. For periodic systems, the correlation dimension is unity. However, due to unavoidable noise in experimentally obtained time series, the correlation dimension for periodic systems exceeds unity slightly (~1.05 -1.1). Similar values were obtained by Gotoda and Ueda [25] in the context of periodic Bunsen flames. On the other hand it should be noted that for the thin candle placed in the glass tube, the same saturates at a value slightly less than 3, indicating that the same degree of periodicity is not present when the flame is placed in the enclosure. Correlation dimension has been typically observed to be much higher than unity for both the thin and thick candle under study. This is also evident from the amplitude spectrums, which clearly indicate that amplitude peaks in this case ( fig.7a ) are not as sharp as in the case of the open flame.
CONCLUSION
An experimental investigation of the oscillatory nature of the flicker parameters radiation intensity, flame area and fractal dimension has been carried out for a candle flame placed in the ambient and also in a hollow glass cylinder where the opening of the annular space inside the enclosure has been varied by variations in the candle diameter. In spite of its simplicity, the configuration investigated presents a very important feature, namely, a coupling of heat release and fuel supply rates. Although the actual mechanisms are not identical, such coupling is common in many practical combustors like gas turbine combustors, where nonlinear coupling between fluctuations in fuel supply (or equivalence ratio) and heat release rate have been observed. The flicker frequency F of eq.(5) has been observed to increase as the inlet area is decreased from the limit of the flame open to the ambient. Also the three parameters are shown to exhibit almost identical frequency peaks.
The correlation dimension has been determined as a chaos quantifier to study the non-linearity in the dynamics of these parameters. It has been observed that the same remains at a very low value (~1.1) for the flame open to the ambient, and is thus strongly indicative of oscillatory behaviour of the flicker parameters. However, the correlation dimension evaluated for the flame conditions under study placed in the hollow glass tube typically show a much higher value, typically around 3. The analysis tools used here are generic in nature, applicable for a wide range of nonlinear dynamic problems. However, in spite of the presence of strong nonlinearities, such tools have not been widely used for investigating combustion dynamics. A major output of the work is the correlation between conventional techniques like time series plots and FFT and tools like short time Fourier series, correlation dimension and fractal analysis. The correlation observed between these in this simple configuration encourages one to apply the tools of nonlinear dynamics to more complex situations where techniques like FFT have been observed to be inadequate by many researchers.
